ABSTRACT: We report on the utility of a platform created by self-assembled monolayers to investigate the influence of the degree of sulfation of glycosaminoglycans (GAGs) on their interactions with fibronectin (Fn) and the impact of these interactions on the adhesion and morphology of human adipose derived stem cells (ASCs). We used the label-free QCM-D, AFM and SPR to follow the changes in the protein adlayer in close proximity to the substrates surface and QCM-D in combination with live imaging to characterize the adherent cells. Our results suggest that Fn interactions with GAGs are governed by both H-bonding and electrostatic forces. Strong electrostatic interactions cause irreversible change in the protein conformation, while the weaker H-bonding only partially restricts the protein flexibility, allowing Fn reorganization and exposure of its binding sites for ASC adhesion. These findings imply that a delicate balance between these two types of forces must be considered in the design of biomaterials that mimic GAGs.
■ INTRODUCTION
The extracellular matrix (ECM) comprises the closest cellular environment: it provides physical support for cells but also displays significant biochemical information via the molecules secreted by them. 1−3 Although the chemical composition, organization, and turnover are unique for each cell, ECM of different tissues/cells share some common components, namely proteins and their glycoconjugates (proteoglycans and glycoproteins). Multivalent, supramolecular interactions between these insoluble macromolecules with soluble bioactive counterparts regulate the proper function of the ECM and thus, the development, function and homeostasis of all eukaryotic cells. 2 Besides the importance of these interactions, their study is quite complex not only because they are weak and therefore difficult to measure, but also because of the complex environment in which they occur. Previously, we have developed model surfaces that mimic glycosaminoglycans (GAGs) and we have validated them in studies with cells and growth factors. 4, 5 These substrates are created by self-assembly of alkanethiols with −SO 3 H and −OH end groups−the main functionalities that are involved in GAGs supramolecular interactions with other bioentities in the physiological milieu. The main advantages of these surfaces are preparation simplicity, well-defined surface chemistry, and reproducibility. 5, 6 Moreover, the presentation of the functional groups on the surface (no steric hindrance) makes them available for multivalent interactions with an analyte and the compatibility with different characterization techniques (including label-free approaches, such as surface plasmon resonance, SPR, and quartz crystal microbalance, QCM-D) allows the measurement of these interactions. Indeed, single-component or mixed selfassembled monolayers (SAMs) have been widely used to elucidate the effect of surface chemistry, hydrophobicity and/or charge on protein adsorption and the following cellular behavior. 7−14 In this study, we used SAMs to mimic GAGs with different sulfation degree (simulated by mixing alkanethiol with −SO 3 H and −OH end groups at different ratios) and to characterize in situ their interactions with another ECM component− fibronectin (Fn). Because Fn plays a main role in cell adhesion and growth, we have further investigated the impact of the substrate−protein interactions on the cellular behavior using adipose derived stem cells (ASCs). The use of ASCs have a growing impact in tissue engineering and regenerative medicine fields because of several advantages that they have, such as, multipotential differentiation (similar to bone marrow stem cells), simpler isolation, and much easier access to subcutaneous adipose tissue when compared to bone marrow. 15 ■ EXPERIMENTAL SECTION Chemicals. Unless otherwise stated, chemicals were purchased from Sigma-Aldrich and used without further purification. Human plasma fibronectin (Fn) was purchased from Millipore Iberica.
Materials. Gold-coated quartz crystals (QSX301, Q-Sense, Sweden) were used for the QCM-D measurements. Gold-coated sensors (BioNavis, Finland) were used for the SPR characterization. The AFM images were acquired using RFESP tips (Bruker, Germany) with a spring constant of 3 N/m and a resonance frequency of 75 kHz. The substrates used for the live imaging were glass slides uniformly coated with gold (20 nm) by the e-beam physical vapor deposition (ATC Orion series UHV Evaporation system, AJA International Inc.). Titanium (3−5 nm film) was used as a primer improving the adhesion between the gold and the glass. All the substrates were cleaned (piranha solution, 10 min) prior use. The single component and mixed SAMs ( Figure S1 ) were formed on the substrates as previously described. 5 Briefly, the cleaned substrates (QCM crystals, SPR sensors, and gold-coated glass) were immersed in 20 mM ethanol solution of HS(CH 2 ) 11 OH (samples designated as SO3H 0), HS(CH 2 ) 11 SO 3 H (synthesized in our lab, 5 designated as SO3H 100) or mixture of these at −SO 3 H:−OH ratios of 1:3 and 3:1 in order to obtain 25 and 75% of −SO 3 H groups on the surface (samples referred to as SO3H 25 and SO3H 75, respectively). After 48 h, the coated substrates were washed several times with ethanol, dried under N 2 , and immediately used in the following studies.
Adipose-Derived Stem Cells (ASCs). ASCs were isolated from human subcutaneous adipose tissue (age range between 20 and 36 years) obtained from lipoaspiration procedures under the scope of a cooperation agreement with Hospital da Prelada (Porto, Portugal). Aspirates were washed with PBS containing 10% Antibiotic/ Antimycotic and then the adipose tissue was digested with a phosphate buffer saline (PBS) solution containing 0.1% collagenase from Clostridium histolyticum (Sigma-Aldrich) during 45 min at 37°C, under stirring. The digested tissue was gently pressed through a strainer and centrifuged at 1000 g for 10 min. The cell pellet was incubated in lysis buffer (155 mM NH 4 Cl, 5.7 mM K 2 HPO 4 , 0.1 mM EDTA) for 10 min to remove erythrocytes and then centrifuged at 800 g for 10 min. Cells were expanded in α-modified Eagle's medium (Sigma-Aldrich) supplemented with 1% Antibiotic/Antimycotic (Gibco) and 10% Fetal Bovine Serum (FBS, Gibco).
Real Time Monitoring of Fn Adsorption by Multiparametric Surface Plasmon Resonance (MP-SPR). Fn adsorption was followed in real time with a multiparametric instrument SPR Navi 200 (BioNavis, Finland), equipped with two lasers (670 and 785 nm) in both measurement channels. All measurements were performed using a full angular scans. The protein adsorption was performed in situ by injecting Fn (10 μg/mL in a serum free α-MEM) at a rate of 50 μL/min. Upon signal stabilization, a washing step with a serum free α-MEM was carried out and the liquid flow was replaced by air. The measurements in air were performed immediately after changing the media (detected by a pronounced shift in the resonance curves to lower angles) to guarantee the preservation of the protein organization. The spectra in α-MEM and in air, both at 670 and 785 nm, were fitted using the Winspall software (version 3.02, Max Planck Institute for Polymer Research, Mainz, Germany). SPR angular scans of bare sensor surfaces were simulated first, and the parameters obtained in the fitting of the first layers (glass-chromium−gold) were used in further simulations with the films. The simultaneous determination of both thickness and refractive index (RI) was performed following previously described procedure. 16, 17 Characterization of the Adsorbed Fn by Atomic Force Spectroscopy (AFM). The substrates used in the MP-SPR experiments were removed from the SPR chamber and further analyzed with an atomic force microscope NanoWizard 3 (JPK Instruments, Germany). The measurements were performed in air-dry state in AC mode. Different areas of each substrates with dimensions of 5 × 5 μm 2 and 1 × 1 μm 2 were scanned in order to have representative data. The data were analyzed with the JPK data processing software.
Real Time Characterization of Protein Adsorption by Quartz Crystal Microbalance with Dissipation (QCM-D). The QCM-D experiments were performed with E4 instrument (Q-Sense, Sweden). All the assays were performed at 37°C and thus, the used solutions were equilibrated at this temperature before being introduced into the measurement chamber. The QCM-D crystals with the SAMs were placed in the QCM-D flow chamber and a stable baseline was acquired by flowing a serum free α-MEM. The Fn (10 μg/mL in a serum free α-MEM) was then added at flow rate of 50 μL/min. Upon stabilization of the signal, the flow was stopped for 30 min to allow the protein to adsorb. Finally, the sensors were rinsed with α-MEM to remove loosely bound material. The resonance frequency shift, Δf, and the dissipative shift, ΔD, were recorded at several harmonics (n = 3, 5, 7, 9, 11, and 13). The Voigt model was applied to calculate the adsorbed protein mass, using two overtones (seventh and ninth).
In Situ Characterization of Cell Adhesion by Quartz Crystal Microbalance with Dissipation (QCM-D). Immediately after the Fn deposition in the QCM-D (the step described above), ASCs (0.11 × 10 6 cells/mL) were introduced into the chamber at a flow rate of 150 μL/min. Upon signal change, the flow was stopped for 1 h to allow cell attachment. Then, the sensors were rinsed with serum free α-MEM at a rate of 300 μL/min. The obtained data are presented as ΔD/Δf (3rd overtone) plots.
Characterization of Cell Spreading by Live Imaging. The substrates used in these experiments were gold coated glasses modified with single component and mixed SAMs. ASCs (6000 cells/cm 2 ) were seeded (serum free α-MEM) on these substrates under standard conditions either in the absence of Fn or on substrates previously coated with Fn by incubation with protein solution in serum free α-MEM (10 μg/mL) at 37°C for 30 min. Live monitoring of cell spreading was performed at 37°C in an inverted microscope (Zeiss Axio Observer) equipped with a temperature and CO 2 control device (5% CO 2 ). Time-lapse images (20X) were captured every 1 min using Zen software. Cells were continuously observed for 5 h. Image stacks were analyzed with image processing software Fiji (http://fiji.sc/wiki/ index.php/Fiji). The typical cell behavior for each substrate is shown by images taken at 5 min intervals and up to 45 min culture time as the most significant changes in the cell spreading were observed immediately after seeding.
Cell Characterization by Immunocytochemistry. Cytoskeleton organization and formation of focal adhesion was visualized for cells studied by QCM-D (1 h) and live imaging (1 and 3 h). The substrates with the cultured cells were removed from the respective equipment, washed twice with PBS, fixed with 10% neutral buffered formalin for 30 min at 4°C, permeabilized with 0.1% Triton X-100 in PBS for 5 min, and blocked with 3% BSA in PBS for 30 min at room temperature. Cytoskeleton organization was visualized by phalloidin− TRITC conjugate (1:200 in PBS for 30 min, Sigma). Nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI; 1:200 in PBS for 30 min). Formation of actin cap and normal focal adhesions was assessed using a primary antibody against paxillin (1:250 in 1% w/ v BSA/PBS, VWR), followed by donkey antirabbit Alexafluor-488 (1:500 in 1% w/v BSA/PBS, Alfagene). Samples were washed with PBS, mounted with Vectashield (Vector) on glass slides and observed under an Imager Z1 fluorescence microscope (Zeiss). Photographs were taken with an Axio Cam MRm (Zeiss).
Statistical Analysis. The normality of the data was evaluated using Shapiro−Wilk test (p < 0.05). When the data did not follow a normal distribution an initial Kruskal−Wallis test was executed followed by Mann−Whitney test. In all cases, significant variations are marked with (*) for p < 0.001.
■ RESULTS AND DISCUSSION
Fibronectin (Fn, Figure S2 ) is a large size (440 kDa), ubiquitous ECM glycoprotein that can be found around all types of cells and throughout all stages of life. It has several
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Research Article domains ( Figure S2A ) allowing simultaneous binding to cells and other ECM components, namely GAGs, other Fn molecules, and other ECM proteins. 1, 18, 19 Whereas in solution it has a compact globular conformation with a diameter of 16− 35 nm, 20 around the cells, Fn is organized in a network of fibers with a diameter of 2 nm and a length that can very between 120 and 180 nm. 3, 18, 20 The assembly of this network is essential for cells and depends on the Fn dimerization via intramolecular disulfide bonds ( Figure S2B ) and the multiple interactions of these dimers with integrins (e.g., α5β1 binds to the RGD domain) and with other Fn molecules. It must be noticed that some of the Fn binding sites also have heparin (Hep) binding activity which indicates the involvement of this GAG in cooperative events influencing the interactions of Fn with other ligands. As an example, Hep binds reversibly to Fn type III ( Figure S2 ) inducing conformational change that is preserved even after the Hep unbinding. 21 The induced extended conformation reveals new binding sites for growth factors (e.g., VEGF) and thus, increases dramatically the affinity of Fn for these biomolecules. 21, 22 Previous studies have demonstrated that Fn affinity for Hep is relatively low (K D about 0.1−1 μM, about 10−1000 folds weaker than the interaction with FGF-2) and based mainly on electrostatic interactions. 23−25 We have therefore created surfaces with an increasing charge density by mixing at different ratios alkanethiols with end groups representing the functionalities present in the GAGs molecules: −OH groups (polar groups, able to participate in H-bonding but with no charge) and − SO 3 H groups (negative charge, able to participate in both H-bonding and electrostatic interactions). The selfassembly of these alkanethiols ( Figure S1 , single component or mixtures) result in the formation of homogeneous SAMs with different charge (Table S1) . 4, 5 Next, we investigated in situ the interaction of Fn with these surfaces using QCM-D and MP-SPR. QCM-D is an acoustic method in which the material deposition and/or increasing of a film thickness affects the propagation of a wave through a sensor (quartz crystal disk) and causes changes of its resonance 
Research Article frequency (Δf). Acoustic contrast is largely affected by coupled water and/or conformational changes. Change in the energy dissipation (ΔD) reflects this sensitivity and is measured by continuous switch on and off of the driving potential resulting in the damping of the oscillatory motion. On the other hand, SPR is an optical detection method whose contrast is determined by changes in the RI caused by the deposited film. The SPR signals are therefore proportional to the adsorbed mass and affected minimally by the hydration of the adsorbed entity. We complement these real time characterization techniques with AFM analyses. The space resolution of AFM is much higher in comparison with other microscopies (e.g., electron microscopy) as the force microscopy does not use lenses and thus, the diffraction and aberration are not limiting its spatial resolution. We therefore expected that the combination of these three label-free techniques will give us detailed information about the protein adsorption in terms of quantity, homogeneity, and conformation.
Our results demonstrated that Fn adsorbs onto all surfaces (Figure 1 ). Both real time techniques (QCM-D and SPR) showed a rapid initial adsorption that is slowing as the surface coverage increases (Figures 1A, B) . The QCM-D and SPR signals do not change upon washing of the adsorbed protein with a buffer indicating stable interactions of Fn with the underlying surface. The quantity of the adsorbed protein is different for the studied surfaces. The QCM-D data showed an increase of the adsorbed mass with the augmentation of the −SO 3 H concentration -a maximum was reached for the SO3H 75 surface and then a drop to a minimum for the surface formed by self-assembly of HS(CH 2 ) 11 SO 3 H alone was measured ( Figure 1A) . The results obtained for the singlecomponent systems (SO3H 0 and SO3H 100) are in good agreement with previous reports on the quantification of Fn adsorption on surfaces with defined chemistry using alternative characterization methodologies, namely protein radiolabeling, 8 conjugation to fluorophores 26, 27 and Western blot characterization. 9, 10 All these studies refer to −OH functionalized surfaces as substrates with lower quantity of adsorbed Fn as compared with the hydrophobic −CH 3 8−10,27 and the positively charged −NH 2 . 8, 12 Moreover, our data are also in excellent agreement with study by Groth et al., who measured similar quantity of Fn adsorbed on −OH and −SO 3 H functionalized surfaces with slight prevalence of protein on the −OH surface. 12 The results obtained from them are striking alike to the reported herein, although the authors have used different methodology for quantification of the adsorbed protein, namely ELISA assays, and screened single component SAMs formed on silanized glass surfaces. Noteworthy, different behavior of −SO 3 H groups as compared with other negatively charged groups (e.g., −COOH) is reported in the same study: greater adsorption capacity for Fn and increased cell adhesion is demonstrated for the − SO 3 H functionalities. In fact, we have also observed very similar tendency as the described above ( Figure 1A ) when studying the FGF-2 binding affinity of these substrates (both mixed and single component SAMs). 4 We have demonstrated that the bias behavior of the SO3H 100 is not due to the very high content of −SO 3 H groups but rather to the lack of −OH groups on these surfaces and their contribution to the adsorption via H-bonding.
As the deposited mass can also include water, we further analyze the Fn adsorption with MP-SPR and AFM. We have 
Research Article used the two-color SPR approach (wavelengths of 670 and 785 nm) combined with two media (α-MEM and air) measurements to determine simultaneously the RI and the thickness of the deposited layer, i.e., we did not use any estimated or assumed values for the calculations ( Figure 1C) . 16, 17 The water content and the protein conformation can differ for the Fn adsorbed on the studied substrates and these differences can affect the RI. Therefore, the use of estimated RI values commonly applied for thickness calculations can lead to inaccurate results as they do not reflect this change. Our results demonstrated that while all RI values are near to the used estimated RI for Fn (1.4 20 ), substrate chemistry indeed affect the RI of the adsorbed layer ( Figure 1C) . It is noteworthy mentioning that the only surface, which does not contain −OH groups, affect mostly the RI of the adsorbed Fn. This surface chemistry was also associated with the deposition of the thinnest Fn layer (2.7 nm). Previous study has demonstrated that nonspecific Fn adsorption on TiOx surface results in formation of a layer with thickness of about 6 nm while the specific adsorption (biotinylated Fn adsorbed on streptavidin monolayer) corresponds to a layer with thickness of 2 nm in which the Fn is in its linear conformation. 20 The obtained by us values are within these limits although they are different for each studied substrate ( Figure 2C ). We therefore have speculated that conformational changes induced upon the protein adsorption can occur. Indeed, the QCM-D derivative plot of the adsorption profiles ( Figure S3 ) demonstrated that the process is complex for the surfaces containing both functional groups (SO3H 25 and SO3H 75). This stepwise process can be explained with an initial rapid absorption, followed by reorganization of the adsorbed protein on the surface that allows further protein molecules to adsorb on the resulted free area. 28 In fact, the adsorption profile of Fn for these two substrates does not reach a plateau ( Figure 1A and Figure S3 ) demonstrating that the process of reorganization and additional adsorption is still ongoing. The SO3H 0 and SO3H 100 surfaces behave different−a simple adsorption profile was observed for these substrates ( Figure S3 ). The SPR data, however, demonstrated that the thickness of the Fn layer on these substrates is quite different. In fact, there is a great deal of research evidencing that substrates surface properties can influence not only the quantity of the adsorbed proteins but also their conformation. 8, 9, 27, 29, 30 The most studied surface property influencing Fn conformation is the wettability: hydrohpobic surfaces induce material-driven Fn fibrillogenesis, whereas globular conformation is typical for the protein adsorbed on hydrophilic surfaces. 9, 10, 27, 30, 31 Our results are in good agreement with these previous reports. All surfaces studied by us are hydrophilic (Table S1 ) and the AFM analysis indeed revealed the expected formation of aggregates of different sizes on all − OH containing surfaces ( Figure 1D1−  3) . We did not detect any material-induced Fn fibrillogenesis. However, very different organization of the Fn was observed on the SO3H 100 substrates ( Figure 1D4 ): the formed layer was homogeneous and composed by individual Fn molecules but not aggregates (size of about 1 nm × 30 nm has been previously reported for globular Fn 20 ). This peculiar Fn organization is most probably a result of strong electrostatic interactions between the substrate and the protein, which overpower the supramolecular forces that drive the protein selfassociation. This result is in line with previously reported single-molecule AFM measurements showing globular but extended Fn conformation upon its adsorption in the presence of Hep (the biomolecule with the highest negative charge that exist in Nature). 21 This conformational change is related to the sulfate groups as the presence of either chondroitin sulfate (less sulfated than Hep) or the desulfated Hep derivative does not affect the Fn conformation.
Conformational changes can encrypt hidden binding domains 21, 32 and thus in our next experiments we used ASCs to evaluate the effect of the substrate−protein interactions on the cell attachment process. It is well-documented that upon adhesion cells reorganize the Fn into fibrillar matrices by a complex multistep process involving interactions of the protein with activated integrins on the cell surface. 10, 18, 31, 33, 34 This process often involve inceptive removal of the preadsorbed Fn 26,31,35 and thus, it depends on the chemistry of the substrate and the respective adsorption force. 31 Altered protein conformation triggered by different surface chemistry also affect the integrin-Fn interactions and the following reorganization of the protein. 10, 36 Indeed, Garcia et al. have demonstrated that Fn-coated SAMs are integrin specific: Fn on negatively charged surface (−COOH) supports both α ν β 3 and α 5 β 1 binding while the Fn on −OH and −NH 2 surfaces selectively recruits α 5 β 1 integrins. 8 Herein, we used a combination of QCM-D, live imaging, and immunocytochemistry to assess the cellular interactions with the SAMs and the effect of preadsorbed Fn on these interactions. The reason for using QCM-D with microscopy is that cells that look very similar under microscope can have quite different interfacial and mechanical properties and thus, their characterization requires combination of a microscopy with another method. On the other hand, QCM-D is sensitive only to changes that occur very near (nm) to the sensor surface because of the penetration depth of the QCM-D shear wave (the typical penetration depth of the shear acoustic waves in water is about 0.25 μm at f = 5 MHz 37 ). Keeping in mind this peculiarity of the QCM-D technique, five processes that can influence the signal have been suggested: (i) the initial physical contact (cell seeding on the sensor surface) leading to the first QCM response; (ii) secretion of ECM components; (iii) cell spreading; (iv) modification of the adhesion properties at the interface, e.g., strength of adhesion; and (v) changes in the cytoskeleton. 38 Although the first two processes significantly affect the Δf, the last ones are reflected mainly in the magnitude of ΔD. It must be noticed that some of these processes often occur simultaneously, which makes the interpretation of the QCM-D data quite complex.
We present the QCM-D results as ΔD/Δf plots ( Figure 2 ). This kind of presentation visualize readily the structural properties of the biolayers deposited on the sensor (e.g., adherent cells) and it is qualitatively independent of the number and spatial distribution of the deposits on the sensor as the shape of the lateral sensitivity variation for ΔD and Δf are the same. The slopes in these plots represent the dynamics of the adhesion process and its different stages and thus, they are unique (but reproducible) for each type of cell and substrate and can be used to compare different systems. 39 Because of their specificity, these plots are often called cellular acoustic fingerprints.
37−39
The comparison between the plots for different surfaces in the absence of preadsorbed Fn (Figure 2, red lines) demonstrates the presence of at least two slopes with quite different shape, indicating different adhesion process/cellular behavior. The first slope is characterized by a fast (insets on Figure 2 : low density of points in ΔD/Δf plots reveals fast
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Research Article kinetics) and significant increase of Δf with almost no change of ΔD and it is associated with the initial cell seeding on the sensors (the end of this process is identified with arrows in Figure 2 ). After this process, an increasing in the dissipation accompanied by mass deposition was observed for all surfaces.
The absolute values of these changes in ΔD and Δf are different for all the studied surfaces ( Figure S6 ). As mentioned above, the mass deposition at this stage is associated with secretion of proteins and other ECM components, while changes in the dissipation are related with either remodeling of the deposited ECM components or with the mechanical properties of the seeded cells caused by their interactions with the substrates/ sensors. The largest ΔD was measured for the SO3H 0 surface and we associated it with relative weak cellular adhesion and spreading. When the surfaces have −SO 3 H groups, the absolute value of the ΔD is 2−3 fold smaller, indicating that these groups induce different shear elasticity of the cytoskeleton most probably as a result of stronger adhesion. These results are in excellent agreement with the ASCs live imaging, which confirmed that in the absence of preadsorbed Fn, the presence of the −SO 3 H groups on the surface induces fast adhesion and spreading of ASCs and this is particularly evident in the case of SO3H 100 substrates (Figure 3 ). The immunocytochemistry of the ASCs ( Figure S7 ) is also in line with QCM-D and live imaging outputs: we can observe spread cells on SO3H 100 substrates and round ones on the −OH functionalized substrates.
The preadsorbed Fn induces a tremendous difference in QCM-D signals (Figure 2 , blue lines and Figure S6 ) especially for the −SO 3 H rich surfaces (SO3H 75 and SO3H 100). Similar large dissipation shifts have been previously observed for different surfaces and cells in the presence of serum or individual serum proteins. 39−41 However, there is no consensus in the literature about the magnitude of this change and the reasons behind it. 37 As mentioned above, cells attached to the sensor surface form acoustically thick layer (up to 15 μm in the absence of preadsorbed Fn, Figure 4B2 ). In the case of preadsorbed protein this layer is even thicker (for QCM-D) with the cells placed above the Fn. We therefore suggest that the main reason behind the observed changes is the abovementioned reorganization of the preadsorbed Fn (that is nearest to the sensor surface and form a layer whose thickness 
Research Article is comparable with the penetration depth of the shear acoustic waves) by the attaching cells.
Previous studies have also suggested that the ECM layer between the cells and the sensor can play significant role in the QCM-D output signals. 37, 42 Particularly interesting and indicative are the results for the SO3H 0 substrate. In this case, we observed a large dissipation shift (Figure 2) , with no accompanying frequency shift. This signal indicates no production of ECM but only reorganization of preadsorbed Fn. Only after reorganizing this layer, cells start to secrete ECM components (changes in Δf are visible) and eventually spread (small change of ΔD). These results are in very good agreement with a recent work of Luo et al., who have demonstrated that adsorption force of Fn on −OH SAMs is much weaker than on hydrophobic (−CH 3 ) and positively charged (−NH 2 ) surfaces. 31 As a result, the protein is more flexible on −OH functionalized surfaces (SO3H 0) and its cell binding domains (Figure 1 ) more accessible for interactions with integrins. 8, 31 The results are different for SO3H 25 substrate: after the initial signal for cell seeding, no further changes are detected either for the deposited mass nor for the energy dissipation. Indeed, for this surface chemistry, we have observed already reorganization of the Fn during the deposition ( Figure S3 ) and although some further reorganization can occur, the impact on the ΔD is very small. In the case of the surfaces with higher content of −SO 3 H groups, we observe very large dissipation change concomitant with mass deposition. These signals demonstrate intensive ECM secretion and remodelling. We hypothesize that either cell binding domains of Fn are hindered for these substrates (e.g., by specific interactions between the closely positioned heparin binding domain of Fn ( Figure S2 ) and −SO 3 H groups) or the multivalent electrostatic interactions between the preadsorbed Fn and the −SO 3 H rich substrates are strong enough and do not allow further reorganization of the protein by the cells. We therefore performed live imaging (Figure 4 ) to complement the QCM-D data but also to obtain additional information beyond the cell surface properties. This further characterization reveals an opposite effect of the preadsorbed Fn on single-component systems (SO3H 0 and SO3H 100); while it promotes cellular adhesion and spreading on −OH functionalized surfaces, it inhibits these processes on −SO 3 H functionalized ones ( Figure  4 first vs last row).
In fact, this behavior is in agreement with the QCM-D data (Figure 2 , beside the different absolute values the trend indicated by the red line of the SO3H 0 is similar to the blue line of the SO3H 100 and vice versa). In the absence of −SO 3 H groups (SO3H 0), the cells recognize the preadsorbed Fn, form initial attachment points via their integrins, reorganize the protein layer that is "hold" on the surface only by weak Hbonding, and spread on the surface remodeled by them. On the SO3H 100 surface, cells either cannot recognize the Fn or they recognize it but, because of the strong electrostatic interactions, cannot reorganize it in order to induce functional integrin binding. When mixed SAMs are used (SO3H 25 and SO3H 75) there is a balance between both trends. These results were corroborated by immunocytochemistry ( Figures 1E and 5 and Figure S7 ) and morphometric analysis ( Figures S8 and S9 ) of ASCs cultured during the QCM-D analysis ( Figure 1E and Figures S7 and S8 ) or at standard static culture conditions used for live imaging (no flow during the Fn adsorption and cell seeding) using gold coated slides as substrates and longer culture times ( Figure 5 and Figure S9 ). The immunocytochemistry revealed another difference among the studied substrates: in the presence of Fn, ASCs cultured on −OH-containing surfaces (SO3H 0, SO3H 25, and SO3H 75; Figure 1E1 −3 vs Figure S7 and Figure 5A vs Figure 5B ) displayed organized actin stress fibers with prominent focal adhesion sites (FA). FAs are visible after 1 h when the ASCs were cultured in the QCM-D instrument ( Figure 1E1−3 , yellow arrows) and after 3h at standard culture conditions ( Figure 5B , yellow arrows) suggesting that the flow accelerates and/or amplifies cell response to the surface chemistry. We did not detect FAs at these time points for the ASCs cultured on SO3H 100 substrates in the presence of Fn. Altogether, these data suggest different adhesion mechanism of ASCs in response to surface-induced organization/conformational changes of Fn.
■ CONCLUSIONS
Our results demonstrate that QCM-D analysis provides unique information about the nanoscale interactions of cells with underlying surfaces. However, we suggest that in the presence of proteins and especially in the case of protein(s) preadsorbed on the substrate, the QCM-D data circumscribe mainly the reorganization of this protein layer, i.e., contribution of the cells' viscoelastic properties to the QCM signals is diminished because of the increased distance between the cells and the sensor.
We further demonstrate that tailored −SO 3 H concentration can be apply to finely tune environments around the cells by changing GAG−protein interactions. Our data suggest that fully sulfonated surfaces alter the bioactivity of proteins as Fn, by binding them stronger. The delicate balance between different supramolecular interactions (e.g., the H-bonding and electrostatic interactions discussed above) that govern the bioactivity and the responsiveness of the closest cellular environment should be considered in the design of biomaterials that mimic this milieu. 
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